Previous studies have demonstrated that staphylococcal superantigen-like protein 7 (SSL7), a protein produced by Staphylococcus aureus, potently inhibits the formation of the complement membrane attack complex by binding to complement component 5 (C5). However, because of the predicted immunogenicity of SSL7 as a foreign protein in humans, its potential as a new complement inhibitor for treating complement-mediated diseases is uncertain. In this study, we found that administration of SSL7 significantly prevented complement-mediated hemolysis and reduced hemoglobinuria in a mouse model of complementmediated intravascular hemolysis. Interestingly, although repetitive administrations of SSL7 elicited anti-SSL7 antibody production, administration of SSL7 at a dose of 2 μg/mouse was still able to significantly attenuate complement-mediated intravascular hemolysis in vivo in the presence of the antibodies. In addition, even though anti-SSL7 antibodies were detectable in normal human donors, these antibodies did not significantly reduce the complement inhibitory activity of SSL7 in in vitro assays. Finally, inoculation of SSL7 in the anterior chamber of the eye suppressed the production of SSL7-reactive antibodies after repetitive SSL7 administration. These results suggest that SSL7 could be developed as an economical alternative to the existing C5-targeted drug, eculizumab, especially for controlling acute complement activation in catastrophic conditions such as drug-induced immune hemolytic anemia and ABO-incompatible erythrocyte transfusions. These data also suggest that approaches such as anterior chamber-associated immune deviation could be employed to establish an antigen-specific immune tolerance for longterm SSL7 administration.
Introduction
Complement is an important element of the innate immune system whose primary role is to protect the host from infections. After initiation through one of the three major complement activation pathways, i.e., the classical, alternative, and lectin pathways, activated complement assembles membrane attack complexes (MACs) on the target cells to form Bpores,^leading to osmotic lysis and killing of the invading pathogens [1] .
Although it is critical in fighting infection, activated complement cannot distinguish self-cells from foreign targets. The protection of self-cells from bystander activated complementmediated attack depends largely on the activity of cell surface complement regulatory molecules such as CD55 and CD59 [2] , which are deficient on some erythrocytes of paroxysmal nocturnal hemoglobinuria (PNH) patients due to a somatic pigA gene mutation [3] . MAC-mediated hemolysis in these patients leads to hemoglobinuria and anemia [4] . In some cold agglutinin disease (CAD) patients, complement is activated on erythrocytes by anti-erythrocyte surface antigen autoantibodies, overwhelming the protection of cell surface complement regulators, which also leads to hemolytic anemia [5, 6] . Consequently, eculizumab, a humanized anti-C5 mAb that inhibits the formation of MAC, has been developed and approved for treating PNH patients [7, 8] . It is also effective in treating CAD patients [9, 10] . Although highly effective, eculizumab is the most expensive drug on the market, costing about a half million dollars a year per patient [11] . The development of economical and effective alternative C5 inhibitors is of great importance and urgency.
During evolution, pathogens developed multiple mechanisms to protect themselves from the attacks of the host immune system, especially those from the complement system. Coversin, also known as broad-acting C inhibitory protein (OmCI), is a native protein produced by the soft tick Ornithodoros moubata. It binds to C5 and inhibits MAC-mediated hemolysis [12] . This protein has also been found effective in treating experimental autoimmune myasthenia gravis [13] , in which massive MAC formation in the neuromuscular junctions damages the endplates, leading to disease [14, 15] . Because of its potent C5 inhibitory activity, low molecular weight (~17 kDa), and minimal observed immunogenicity, coversin is currently being evaluated in a phase II clinical trial as a potential alternative of eculizumab for treating PNH (NCT02591862). In addition to coversin, staphylococcal superantigen-like protein 7 (SSL7), a small protein produced by the opportunistic bacterial pathogen Staphylococcus aureus, is also found to be able to bind to C5, thereby inhibiting MAC formation [16] [17] [18] . Because of its potent complement inhibitory activity, SSL7 could also be developed as a new agent for treating complement-mediated diseases such as PNH and CAD. However, partially due to its predicted immunogenicity as a foreign protein, the potential of SSL7 as a new complement-inhibiting therapeutic has been neglected. It has not been previously evaluated in vivo for its efficacy in inhibiting complement-mediated hemolysis either.
In this project, we tested the efficacy of SSL7 in treating a mouse model of complement-mediated intravascular hemolysis, a clinical sign presented in many disorders including PNH, ABO-incompatible red blood cell transfusion, and CAD. We also evaluated the immunogenicity of SSL7 by repeatedly injecting SSL7 intraperitoneally by itself, and then measured levels of SSL7-specific antibodies and assessed the impact of these antibodies on SSL7 treatment efficacy thereafter. In addition, we examined the potential effect of pre-existing anti-SSL7 antibodies in humans on the complement-inhibiting activity of SSL7. Finally, we investigated a strategy to induce SSL7-specific immune tolerance to minimize the immunogenicity of SSL7 for long-term, repetitive administration.
Methods and reagents

Human blood samples
Sera from normal human donors were collected at Emory Eye Center, Emory University, between December 16, 2009 , and March 21, 2010 [19] . Informed consent was obtained from all subjects. Subjects were excluded if they were younger than 18 or were older than 90 years of age. Donors with a suspected diagnosis of infection or chronic diseases were excluded as well. The sample collection procedure was approved by the Institutional Review Board (IRB) at Emory University [19] .
Mice and other reagents C57BL/6 wild-type (WT) mice were ordered from Jackson Laboratory (Bar Harbor, ME) and maintained under pathogen-free conditions in the animal facility of Lerner Research Institute, Cleveland Clinic. All procedures involving mice were approved by the Institutional Animal Care and Use Committee of Cleveland Clinic. Recombinant SSL7 and SSL7-C5a SSL7 mutant lacking C5 binding activity were overexpressed in Escherichia coli and purified following the protocol described in previous reports [16, 20] . Pooled normal human serum (NHS) as the source of complement was purchased from Innovative Research (Novi, MI).
In vitro complement-mediated hemolysis assay
Complement-mediated hemolysis assays were done as reported previously [21, 22] . In brief, antibody-sensitized sheep erythrocytes (E shA ) were incubated with 5% NHS in the GVB++ buffer (5 mM barbital, 145 mM NaCl, 0.5 mM MgCl 2 , 0.15 mM CaCl 2 , and 0.1% gelatin, pH 7.4) in a total volume of 100 μL in the presence of different concentrations of SSL7 or SSL7-C5. For a negative control, 5 mM EDTA was added. After incubation at 37°C for 5 min, samples were centrifuged, and the absorbance of the supernatant was measured at 414 nm (OD 414 ) using a microtiter plate reader (Molecular Devices, Sunnyvale, CA). 
In vivo complement-mediated intravascular hemolysis and hemoglobinuria
Complement-induced intravascular hemolytic anemia was initiated by intravenously injecting 200 μL of NHS into a WT mouse following a previously published protocol [22, 23] . For treatment studies, each mouse received 2 μg of SSL7 or SSL7-C5 by intraperitoneal injection 1 h before NHS administration. Thirty minutes later, blood and urine samples were collected for analyses. For the hematocrit reduction measurements, hematocrit capillary tubes treated with 4% sodium citrate were filled with blood, then sealed at one end before being placed in the microhematocrit centrifuge for spinning at 12,000 rpm for 2 min. Hematocrit reductions were calculated using the following equation: hemolysis reduction (%) = [(A − B)/B] × 100%. A = hematocrit readings of samples after NHS injection; B = hematocrit readings of samples before NHS injection. Intravascular hemolysis was quantitated by OD reading at 414 nm after diluting the plasma at 1:100 ratio using PBS in a volume of 100 μL whilst hemoglobinuria was assessed by OD reading at 414 nm after diluting the urine at 1:10 ratio using PBS in a volume of 100 μL.
Mouse blood anti-SSL7 antibody measurement by ELISA Each mouse was injected intraperitoneally with 2 μg of SSL7 in PBS once every other week for 6 weeks. Then, blood was collected from the mouse tail vein, and the serum anti-SSL7 IgG levels were measured by ELISA. Briefly, an ELISA plate was coated with 5 μg/mL purified SSL7. After blocking, 1:100 diluted serum samples were added to the plate and incubated for 2 h. After washing, HRP-anti-mouse IgG was added. Levels of anti-SSL7 IgG in the blood were assessed by measuring absorbance at 450 nm.
Human blood anti-SSL7 antibody measurement by ELISA Fifty serum samples from the healthy donor group were randomly selected from a previous study [19] for the measurement of pre-existing anti-SSL7 antibodies. To do this, an ELISA plate was coated with 5 μg/mL purified SSL7. After blocking, 1:1000 diluted human serum samples were added to the plate and incubated for 2 h. After washing, HRP-mouse anti-human IgG (2 μg/mL, Jackson ImmunoResearch, PA) was added as a detective antibody. Levels of anti-SSL7 IgG in the blood were assessed by measuring absorbance at 450 nm.
Complement inhibitory activity assay of SSL7 using heat-inactivated human sera Serum samples containing high or low levels of anti-SSL7 IgGs as determined in the above-described ELISA were selected and first incubated at 56°C for 30 min to inactivate the endogenous complement. After this, individual serum (undiluted) was incubated with 1 or 5 μg/mL of SSL7 in a volume of 22 μL on ice for 30 min. The complement inhibitory activities of SSL7 in these mixtures were tested using the same in vitro complement-mediated hemolysis assay using 5% NHS as the source of complement as described above.
Painting purified SSL7 onto mesenchymal stem cells (MSCs)
Primary human MSCs were isolated from bone marrow from healthy donors at the MSC Core Facility at Case Western Reserve University as described previously [24, 25] , and SSL7 was painted on the surface of MSCs following our previously reported protocol [24, 25] . After painting, the cells were washed with PBS and used for experiments. The SSL7 painting efficiency was evaluated by flow cytometry after staining the painted cells with an anti-SSL7 antibody.
Complement inhibitory activity assay of painted SSL7 on MSCs
To determine the effect of anti-SSL7 IgGs existing in human sera on the complement inhibitory activity of SSL7, we test efficacies of the painted SSL7 on the surface of MSCs in protecting the cells from complement-mediated cell damage using a 2′, 7′-bis-(2-carboxyethyl)-5-(and-6)-carboxyfluorescein (BCECF) leakage-based cell damage assay [24, 25] . To do this, 2 × 10 4 of SSL7-painted MSCs were first loaded with 5 μM BCECF-AM (ThermoFisher, Waltham, MA), then incubated with 30% of the same selected sera containing high or low levels of anti-SSL7 antibodies in PBS with 5 mM EDTA buffer for 30 min on ice to allow the anti-SSL7 antibodies to bind without activating complement. Then, the cells were washed and incubated for 30 min at 37°C with 30% normal human serum in 100 μL of GVB-Mg-EGTA buffer (0.1% gelatin, 5 mM barbital, 145 mM NaCl, 0.5 mM MgCl 2 , and 10 mM EGTA, pH 7.3) to allow complement activation through the alternative pathway. The inhibitory activity of the SSL7 on the MSC surface was then assessed by measuring levels of BCECF leaked into the supernatants as a result of complement-mediated cell damage using a fluorescence PerkinElmer Victor3 plate reader (PerkinElmer, Waltham, MA) with excitation and emission wavelengths of 485 and 538 nm, respectively, following a previously published protocol [24, 25] .
Anterior chamber (AC) of the eye injection of SSL7
Injection of the AC of the eye was done following a protocol previously reported [26, 27] . For all AC injections, mice were first anesthetized with isoflurane using a mouse anesthetization machine (VetEquip, Pleasanton, CA). The cornea was then punctured by inserting a 33-gauge needle directly above the pupil and parallel to the iris. Aqueous humor was allowed to flow out and removed by cotton tips. One microgram of SSL7 in 5 μL of PBS or the same volume of PBS was injected into the AC with a microsyringe fitted with a 33-gauge blunt needle. The air bubble seals the corneal puncture and prevents leaking of liquids. Two weeks after anterior chamber inoculation, each of these mice was injected with 2 μg of SSL7 intraperitoneally once every week for 6 weeks before serum levels of anti-SSL7 IgGs were compared by ELISA.
Statistical analysis
Experiments were repeated at least twice, with data reported as mean ± SEM. All results were analyzed using Student's t test and ANOVA test. Probability (p) values less than 0.05 were considered statistically significant.
Results
SSL7 inhibits complement-mediated hemolysis in vitro
We first determined the capacity of SSL7 to inhibit complement-mediated hemolysis in vitro. We incubated antibody-sensitized sheep erythrocytes (E shA ) with 5% NHS in GVB++ buffer in the presence of different concentrations of SSL7 or the mutant SSL7 that lacks C5 binding activity (SSL7-C5), then analyzed the degree of hemolysis by reading OD 414 of the supernatants as a measure of the released hemoglobin. As previously reported that SSL7 inhibits the serum killing of a Gram-negative organism, Escherichia coli [16] , we found that SSL7, but not the mutant SSL7-C5, significantly inhibited complement-mediated hemolysis in a dose-dependent manner (Fig. 1) .
SSL7 treatment reduces complement-mediated intravascular hemolysis and hemoglobinuria in vivo
Previous studies have demonstrated that injecting NHS into mice induces massive complement-mediated intravascular hemolysis and hemoglobinuria, which serves as a model for complement-mediated hemolytic anemia [ 2 2 , 2 3 ] . To t e st w h e t h e r S S L 7 c a n a t t e n u a t e complement-mediated intravascular hemolysis in vivo, we injected intraperitoneally each mouse with 2 μg of SSL7 or SSL7-C5, then, 1 h later, intravenously injected them with 200 μL of NHS. After 30 min, we bled the mice retro-orbitally to measure the reduction of hematocrit and to assess released hemoglobin levels in the plasma by reading OD 414 . We also collected urine to read OD 414 as a way to measure hemoglobinuria. These assays showed that OD 414 readings (hemoglobin levels) of the plasma from mice treated with SSL7 were 0.22 ± 0.01, compared to 0.31 ± 0.01 from mice treated with the control SSL7-C5 (Fig. 2a) . In addition, the hematocrit readings of mice treated with SSL7-C5, the mutant SSL7 with minimal complement inhibitory activity, were reduced by 46.46 ± 13.6%. Conversely, hematocrit readings were reduced by only 7.82 ± 6.96% in mice treated with SSL7 (Fig. 2b) . Consistent with both of these blood tests, OD 414 readings of the urine samples from mice treated with SSL7 were 0.07 ± 0.04, compared to 0.14 ± 0.02 in mice treated with the control SSL7-C5 (Fig. 2c) . These results clearly demonstrate that at the dose of 2 μg/mouse, SSL7 effectively inhibits complement-mediated hemolysis in vivo.
Repetitive administration of SSL7 elicits anti-SSL7 antibody production but does not reduce SSL7 efficacy in treating complement-mediated hemolysis in vivo
To mimic clinical conditions in which patients might receive multiple treatments and to evaluate the impact of the predicted immunogenicity of SSL7 on its treatment efficacy, we treated each mouse with 2 μg of SSL7 in PBS or PBS alone by intraperitoneal injection once every other week for 6 weeks; collected the plasma samples at weeks 0, 2, 4, and 6; and then measured anti-SSL7 IgG levels in these plasma samples by ELISA. These experiments showed that mice receiving repetitive SSL7 administration developed an elevated level of anti-SSL7 IgGs (Fig. 3a) , confirming the predicted immunogenicity of SSL7. We then examined the efficacy of intraperitoneal injection of 2 μg of SSL7 in these mice in inhibiting complement-mediated hemolysis by measuring plasma hemoglobin levels, hematocrit reduction, as well as the severity of hemoglobinuria. We found that in the presence of anti-SSL7 antibodies developed after repetitive SSL7 administration, SSL7 was still able to significantly reduce complementmediated hemolysis in these mice and there was no significant difference between the mice pre-exposed to SSL7 that developed anti-SSL7 antibodies and those that did not (Fig. 3b-d) . Pre-existing anti-SSL7 antibodies in humans do not significantly inhibit the complement inhibitory activity of SSL7
Staphylococcus aureus is a relatively common pathogen, and anti-SSL7 antibodies could develop after infection in humans. To test whether these pre-existing anti-SSL7 antibodies could affect the treatment efficacy of SSL7, we first screened a cohort of already collected human sera for levels of anti-SSL7 IgGs by ELISA. We found that levels of anti-SSL7 antibodies differ significantly in the screened sera (Fig. 4a) , suggesting that some donors may have previously had an S. aureus infection and thus developed anti-SSL7 antibodies while others did not. We then picked 10 sera with the highest and 10 with the lowest levels of anti-SSL7 IgGs for further analysis. To avoid the potential interference of different complement activities in sera from different donors, we first heat-inactivated the endogenous complement, then incubated the sera with different concentrations of SSL7 to allow the anti-SSL7 antibodies within to bind to SSL7. We then tested the complement inhibitory activity of SSL7 in the mixtures using the standard hemolysis inhibition assay. As shown in Fig. 4 , both tested concentrations of SSL7 significantly inhibited complement-mediated hemolysis, and there was no statistically significant difference between samples with SSL7 incubated with heat-inactivated sera containing high or low levels of anti-SSL7 antibodies.
To rigorously evaluate the effect of the pre-existing anti-SSL7 antibodies on the complement inhibitory activity of SSL7, in addition to the above experiments using heat-inactivated sera, we also employed another approach Fig. 3 Repetitive administration of SSL7 raises anti-SSL7 antibodies but does not reduce SSL7 treatment efficacy. WT C57BL/6 mice were intraperitoneally injected with SSL7 in PBS (SSL7) or PBS alone (PBS) once every other week for 6 weeks, then serum SSL7-reactive IgG levels were analyzed by ELISA (n = 8 in each group) (a). These mice were then injected with SSL7 followed by NHS to induce hemolysis. Levels of released hemoglobin in the plasma (OD414) (b), hematocrit reduction (c), and severities of hemoglobinuria (OD414) (d) were assessed. n = 8 in each group. Naïve mice received NHS but no SSL7 treatment (n = 3) were included as controls (NHS alone). *p < 0.05 (ANOVA) Fig. 2 SSL7 reduces complement-mediated hemolytic anemia in vivo. WT C57BL/6 mice were injected with SSL7 and NHS. Then, blood and urine were collected, and the hemolysis (a), hematocrit reduction (b), and hemoglobinuria (c) were assessed. n = 5 in each group, *p < 0.05 (Student's t test) to minimize the variables that might be induced by different complement and complement inhibitor activities in sera from different donors. To do this, we first coated SSL7 protein onto MSCs (Fig. 4b) , let the anti-SSL7 antibody bind to the painted SSL7, then tested the impacts of anti-SSL7 antibodies in reducing the protective effects of the painted SSL7 in reducing complement-mediated MSC damage using a common source of complement [21] . In brief, we incubated the SSL7-painted MSCs with the individual serum sample in the presence of EDTA to allow the anti-SSL7 antibodies to bind to the SLL7 on the MSC cell surface without activating complement. We then exposed these treated MSCs to a pooled NHS as the common source of complement (no existing anti-SSL7 IgGs, Fig. 4a ), and assessed MSC damage. As shown in Fig. 4c , we found no significant difference in MSC damage between the SSL7-painted MSCs incubated with sera containing high titers of anti-SSL7 IgGs and those incubated with sera containing low titers of anti-SSL7 IgGs, suggesting that the pre-existing anti-SSL7 antibodies in humans should not have a significant impact on the complement inhibitory activity of SSL7.
Anterior chamber injection of SSL7 reduces the production of anti-SSL7 antibodies after repetitive administration It has been previously established that inoculation of an antigen into the anterior chamber (AC) of the eye establishes antigen-specific immune tolerance [26, 27] . Consequently, we evaluated the possibility that injection of SSL7 in the AC of the mice could reduce the immunogenicity of SSL7 for the future long-term and repetitive administrations. To test this hypothesis, we first injected 1 μg of SSL7 or the same volume of PBS into the AC of naïve WT mice, then treated these mice by repetitive intraperitoneal injection of SSL7 every other week for 6 weeks and collected plasma samples each time SSL7 was given. We then measured levels of SSL7-specific IgGs in the plasma of these mice at different time points by ELISA. We found that, again, mice that received repetitive intraperitoneal injection of SSL7 developed anti-SSL7 antibodies, but mice with AC injection of SSL7 developed significantly lower levels of SSL7-specific IgGs than mice with AC injection of the vehicle (PBS) (Fig. 5a ). After inducing complement-mediated hemolysis in these mice by injection c Painting SSL7 onto MSCs for the measurement of its complement inhibitory activity. SSL7 was painted onto MSCs, then the painted SSL7 on the MSCs was detected by staining the cells with an anti-SSL7 IgG followed by flow cytometric analysis. Shaded area, isotype control; dotted line, MSCs without painting; solid line, MSCs with painted SSL7. d The complement inhibitory activity of SSL7 assessed by measuring its efficacy in protecting MSCs from complement (MAC)-mediated damage. MSCs painted with SSL7 were first incubated with 10 sera samples containing the highest (High) or 10 sera samples containing the lowest (Low) levels of anti-SSL7 IgGs in the presence of EDTA. After washing, these cells were then subjected to complement-mediated cell injury, which was quantitated by measuring levels of BCECF leakages. *p < 0.05 (Student's t test) of NHS as done in the above-described experiments, we treated them with the same amount of SSL7 (2 μg/mouse), followed by the evaluations of their hematocrit reductions, free plasma hemoglobin levels, and hemoglobinuria levels. These experiments showed that SSL7 treatment in mice with prior AC injection of SSL7 resulted in a trend of decreased plasma hemoglobin levels (Fig. 5b), hematocrit reduction (Fig. 5c) , and hemoglobinuria levels (Fig. 5d ) than in mice with prior AC injection of the vehicle (PBS), although the reductions were not statistically significant. These data suggest that AC injection of SSL7 is effective in reducing the immunogenicity of SSL7 and confirm that anti-SSL7 antibodies generated after repetitive administrations should not have a drastic effect on SSL7 treatment efficacy.
Discussion
In this report, we showed evidence, for the first time, that SSL7 effectively inhibited complement-mediated intravascular hemolysis in vivo. We found that although repetitive administration of SSL7 elicited the production of SSL7-specific antibodies, these antibodies did not significantly affect the efficacy of administrated SSL7 in reducing complementmediated hemolysis in vivo. We also observed similar results from in vitro experiments studying pre-existing anti-SSL7 antibodies in humans. In addition, we showed that ocular AC inoculation of SSL7 prior to SSL7 administration significantly inhibited the production of SSL7-specific antibodies in vivo. SSL7, encoded by the genome of the pathogen Staphylococcus aureus, was discovered more than 10 years ago to be able to bind to both IgA and C5, thereby inhibiting IgA-FcαRI binding and complement killing of the pathogen in in vitro assays [16, 28] . SSL7 is a small protein (~17 kDa) and a potent C5 inhibitor, working at concentrations as low as 0.3 nM [16] . Given the strong potency of SSL7 in inhibiting C5, it should hold promise as a new alternative to eculizumab for treating MAC-mediated diseases such as PNH and CAD. However, partially because of its predicted immunogenicity in vivo, there has been no report on the in vivo evaluation of the efficacy of SSL7 in preventing complement-mediated hemolysis. Encouraged by the recent phase II clinical trial (NCT02591862) on Coversin, a foreign complement inhibitor produced by the soft tick, we evaluated the potential of SSL7 using a previously established complement-mediated intravascular hemolysis model in mice [22, 23] . Injection of human NHS (complement) in mice causes rapid and massive hemolysis of the mouse erythrocytes intravascularly that can be measured by assessing hematocrit reduction, plasma hemoglobin levels, and/or hemoglobinuria severity. Massive hemolysis is caused by activated human complement in mice; thus, inhibiting human C5 efficiently controls the lysis of mouse erythrocytes. Our data that administration of SSL7 as low as 2 μg/mouse significantly inhibited the complement-mediated intravascular hemolysis and the development of hemoglobinuria clearly demonstrated that SSL7 is effective in inhibiting human complement-mediated hemolysis in vivo. These data suggest that SSL7 has the potential to be developed as an Ocular anterior chamber inoculation of SSL7 reduces anti-SSL7 antibody production after repetitive intraperitoneal injection. SSL7 in PBS (ACAID) or PBS alone (Ctrl) was first injected into the anterior chambers of each of the WT C57BL/6 mice, then 2 weeks later, these mice were treated by repetitive intraperitoneal injection of SSL7 every other week for 6 weeks. Levels of SSL7-specific IgGs in the plasma of these mice at different time points were analyzed by ELISA (a). Following this, these mice were injected with NHS and the efficacy of SSL7 in reducing complement-mediated hemolysis was assessed by measuring the intravascular hemolysis (b), hematocrit reduction (c), and hemoglobinuria (d). n = 10 in each group, *p < 0.05 (Student's t test) alternative to eculizumab, especially for the treatment of acute MAC-mediated intravascular hemolysis in certain catastrophic conditions such as drug-induced immune hemolytic anemia and ABO-incompatible red blood cell transfusions.
However, SSL7 is a foreign protein, which raises immunogenicity issues for treatment purposes. In addition, SSL7 has been found to interact with dendritic cells and other leukocytes [29] , which could enhance its immunogenicity in vivo. If anti-SSL7 antibodies are elicited, it is therefore predicted that these antibodies would quickly neutralize the administered SSL7, rendering it ineffective. Our data indicate that although SSL7 does have immunogenicity, this issue was not as serious as it was initially thought. When injecting mice with SSL7 multiple times to mimic repetitive treatments, we found that it did raise anti-SSL7 antibodies but did not significantly reduce the effect of SSL7 in inhibiting complementmediated hemolysis in vivo. More importantly, we found that pre-existing anti-SSL7 antibodies in humans did not significantly reduce the complement inhibitory activity of SSL7 either. In these human sample studies, to avoid the potential interferences induced by different complement activities in sera from different donors, we first heat-inactivated the endogenous complement in the sera before mixing them with SSL7 to allow the interaction between SSL7 and anti-SSL7 antibodies in the sera, then testing the mixtures in a standard hemolysis inhibition assay. This heat treatment is known to inactivate complement but has no effect on antibody activities; therefore, doing so should minimize the unwanted variables induced by different complement activities in different sera. However, like antibodies, factor H, an abundant and potent complement inhibitor in the serum, is also stable in the heatinactivation process. The difference of factor H activities in the heat-inactivated sera from different donors could also complicate the sequential complement assays. To address this issue, inspired by our recent reports showing that MSCs are damaged by complement after contact with serum [21] and that painting complement inhibitors such as factor H [25] or heparin [24] effectively protects MSC from the complementmediated cell injury, we painted SSL7 on the MSC surface, then allowed the anti-SSL7 antibodies in different sera to bind to the SSL7 without activating complement in these serum samples (because complement activities in the serum from each donor would be different). We then used a pooled NHS as the source of complement for all the MSC samples to allow a reliable comparison of the protective effects of the SSL7 in the presence of different titers of anti-SSL7 antibodies. In addition, because different levels of anti-SSL7 immune complexes on the MSC surface might initiate various degrees of complement activation through the classical pathway, which can complicate our data interpretation, we used the GVB-Mg-EGTA buffer in our assays to allow only the alternative pathway of complement activation to occur after MSCs contact serum. Our data demonstrated that even in the presence of anti-SSL7 antibodies developed in mice after repetitive SSL7 administrations, or in humans potentially after Staphylococcus aureus infection(s), exogenously administered SSL7 was still able to efficiently inhibit complementmediated hemolysis or MSC damage. The precise mechanism of this effect was not ascertained, but low affinities of these anti-SSL7 antibodies, preference of binding epitopes irrelevant to SSL7 complement inhibitory activity, and/or the high potency of SSL7 in inhibiting complement are possible explanations. These results suggest that SSL7, even with its existing immunogenicity, could still be used repeatedly for the treatment of MAC-mediated diseases and to improve current MSC-based therapies.
In addition, there are many possible ways to establish antigen-specific tolerance to a target protein including feeding the protein or related peptides [30] or infusing tolerogenic dendritic cells [31] to reduce SSL7 immunogenicity for further improving future SSL7-based therapies. We chose to test the effect of the approach termed anterior chamber-associated immune deviation (ACAID). ACAID was originally discovered by Kaplan and Sterilin more than 30 years ago [32] . It is now well established that inoculation of a protein antigen, including allotransplantation antigens, soluble protein antigens, viral antigens, or tumor antigens, in the AC of the eye, which is an immunoprivileged organ, induces systemic tolerance of the inoculated antigen [33, 34] . Indeed, we found that prior AC inoculation of SSL7 significantly suppressed SSL7-specific antibody production after repetitive SSL7 administration. Intraocular injection of foreign proteins in patients is a common practice in the clinic as many age-related macular degeneration patients are being treated by repeat intraocular injections of anti-VEGF mAbs [35] . Our data here again suggest that SSL7 has potential to be developed as an economical alternative to eculizumab, especially after the induction of SSL7-specific tolerance in patients by different approaches such as ACAID.
In summary, C5 is a validated target for treating many complement-mediated diseases especially diseases in which MAC is integrally involved in the pathogenesis. We demonstrated that SSL7, a~17 kDa small protein produced by Staphylococcus aureus, even with its existing immunogenicity as a foreign protein, was still able to reduce complement-mediated intravascular hemolysis in vivo in the presence of anti-SSL7 antibodies. We also showed that ACAID could be used to induce SSL7-specific immune tolerance, which reduced the production of anti-SSL7 antibodies after its repetitive administrations. Our data suggest that SSL7, as well as its derivatives, hold promise as an economical alternative to eculizumab for treating many complement-mediated diseases such as complementmediated intravascular hemolysis, especially after the combined induction of SSL7-specific immune tolerance.
